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SOME NOTES ON THE EFFECTS OF JET-EXIT DESIGN

. ON STATIC LONGITUDINWAL STABILITY
By Clarence L, Glllis und Joseph Weil-

SUMMARY

A nunber of types of Jjet-exit designs have been teated,

aome in still air &nd some in wmoving alr, The results,
which have at least a qualitative generality, are presented
herein. If the jJet exit {s improperly designed, the jet
may suffer & deflection on leaving the nozzle. This may
result in an unpredictable and erratic variation of
stebility and trlim with speed.

It 1g shown that no deviatYon ol the, Jev center KIN®
from 1ts axpected path is likely to be obtained if a jet
exit is ussd that is normal to the flow, With a beveled
exit aprreclable deflections of the jst are possible when
the Mach number at the jet exit attelns or exceeds unity.
st lowar liach num.ers only a very small deviation of the

Jot 13 likely unless the internel falring is unsymme trical
-3t the Jet oxit. : .

A fuselage or nucelle which projects over & dis-
charging Jet will probuably not cause the jet to be deflected
unless the natursal expansion of the jet 13 restricted by
the body. If the falring between the wing end a jJet or
rocket unit suspended underneath is too blunt, t
the jet may be drawn toward tho wing.

When the structure around the free jet behind the
nozzle 1s not symmetrlcal with respecct to the jet axis,
the jet may adhcre to the nearest surface causing & large
and unprsdictable sffect on stabllity.
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INTRODUCTION

The difficulties encountered 1in estimating the effects
of power on the static longitudinal stability charac-
terlstics of the conventional propeller-driven aircraflt
have long been apparent, The recent advent of jet=-
propelled and rocket airplanes apparently served as a boon
to the designer in that the power effect on stabllity was
at first glance much more amenable to &nalysis, The
methods for calculating the effects of jet operation on
stabllity developed in references 1 and 2 have generally
been shown to zlve good agreement with the results of
wind-tunnel tests of sevartcl models for which the jet
was simulated, The various effecta, both direct and
Indirect, are discussed in reference 2 and fcrmulas are
derived for a quantitative evaluation in most instances,

An important part of the indirect effect of jet
operation, the chanze in downwash at the tail, as well as
the direct thrust moment are dependeant upon the direction
of the Jet upon disch&rging from the exit. The geometric
factors which m&y influence the position of the external
Jet are the exit shape and the peometry of sny fuselage,
nacelle, or fairing which is in proximity to the path of
the external jut. The Jet position .18y also be affscted
by internal ssymmetry when the jet discharges within a
body (as for & nozzle which does not extend to the rearmost
portion of & fuselage), This paper presznts the results
of jet tests made in some cases in 4 wind tunnel

-(force measurements) and in other.cascs discharging into
st1ll air (total-read surveys) which show at least
qualitatively the e¢ffects of the aforementioned geometriec
varlables on jet deflection, In addition, because of its
pertinency to the problem &t hand and because of its
otherwlise limited circulation, some German data
(reference 3) which show the =ffcet of external fairing
on jet spreuding have buen reproduced hereln, It should
be emphasized that the present reuort prescnts a
compilation of the rasults of saeveral Investizations
where most of the modifications wsre tested in conncction
with stability difficultivs obtained on spscific models,
This report 1s therefore not an account of a complete
or systematic investigation.
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COSFPICIENTS AND SYMBOLS
The coefficients and symbols used are defined as
follows:
C, 1ift coafficient (Lift/qS)
Cx longitudinal-force coeffioclent (X/qS)

G,

- pltching-mom-nt coefficlient about center~of-gravity

location shown in figure 1 (M/qSc?)

effectlve thrust coeffiolent based on wing area
( Tefr/QS)

anele of tilt of ncezle, degrees, positive downward,
rieasured with respect to fuselape caonter line

-2

forces along axes, pounds

Mach number; also moment about ¥ axis, pound-feet

Mach number at jet exit
Mach number at survey plane

Jet ef"ective thrust, pounds

total head, pounds per square foot

free-strean gynamic pressure, pounds per square
foot (PV</2)

wing area (10,4 sq £t on model)

wing mean aerodynamic chord (M.a.C.) (1.4,8 £t on model)
frge-stream velocity, feet per second

Jet velocity at nozzla, feet per second

mass density of air, slugs per cublec feet

angle of attack of fuselage center line, degrees
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distance between the center of gravity and the
fuselage center 1line (0.0183 ft on model);
positive when center of gravity 1s above
fuselage center line

distance from the center of gravity to the polnt
sbout which the thrust line pivotod (approx. 4.0 £t
on model); positive rearward _ .

Jet-exit dlemeter

distance from jet exit to survey plane

APPARATUS atD MNETHOD
Description of Nodels and Apparatus

St1ll air,- A circular nozzle with an exit shape
normal to tha flow (heresafter. referred to as the normal
exit), a nozzle with a Yevelsd exit, and a nozzle with an °
saymmetric internal shape were teatcd with a hlgh-speed
cold jet exhausting into still air. (3ee filg. 2.) In
addition, a streamlined body was placed over the 1ormal
Jet exit to approximate roughly the fuselage of un alre
plane and tests were made with and without a falring of
modeling clay. (See fig, 3.) . The conventional rake of
low-speed total- and statlc=pressure orific:s was used for’
all pressu'e surveys made, It should therefore be noted
that for the hirhest jet speeds the pressure readings and
hence also the computed Mach nurmbers may be slightly in
error, The alr supply was obtained by running a line to
a reservolr of compresssd-alr. A schematic slletch of the
test setup is shown in figure 4. Bacause the cold Jet of
these tests would uol reproduce conditlons on an airplane,
the results were considered to have only.qualitative
appllicatlon. Glatlic pressures at the nozzle exit and total
head in the pipe were measured. (See fig. L,s) The Mach -
numbers at the jet exit were ocomputed from these data. *

gottingen.~- The German gata, & portion cf which 18
reproduccd herein, wore obtaincd in the 38ttingen No. 2
wind tunnel. A skotch showing somc of the details of the
model and feiring 1s glven in flgure 5.- A circular
fuselage with a slight taper was usud. The nozzle was
also circular with & lerge conicel plug in ths center,
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This arrangement was tested with the fuaelage placed 1)
that a distence e4ual to the nozzle exit dlameter ssparateq
the lower surface of the nozzlse 6x1t und the tunnel floor,
Two fairings that tnded under the hozzle exit were useqd

e fuselsge und the tunnel floor. (ne of thLe
fairings (fairing 4) terminuteq in a biurr shape with a
width equal to the jet-exit Alamcter: ths other (fen'ing B)
had a more streamlineq 8npesarance tapuring to a knife
edge at the exit.

Langle = by 10-foot tunnel.- Tests to determine
the effecots o? 7erlaticn I nozzle goometry for a specific
wing-fuselage combination we tde. Thrust was obtaine'.
through the usse of a two-stapa xial-flow blowepr which was
driven by two 27-horsepower €lectric motors, The speed
ith an electric tachomcter, 4 drawing of.
1 setup used ror these teats is shown in figure 6,
The original nozzle, which was supplied with the mode],
Was unsymmetrical and diverging &s shown in figure 7,
A modified nozzie (fig. 8) had an exit which was normal
to the jet, Both of fhese nezzles were set barallel to
the fuselage centep line at station A (fig. 1), 1In
addition, data Were obtained with tilted cxtensions to
the modificd exit (4°) or with the entipe tatl
L° from the fusolage treak 1in
figwe 9, 1n 80me of the tests where the e
asscmbly was tilteq the extension to thé nozzl

8ttached (set at 00 relative to the taij pipe)
in others it was removed,

Methods

1 near the j
survey plane varied from 0:37 to 0,96

gottinren.- Totay- and static-pressucy JUrVSYS were
mads &t a nuaker of axial distances behind the Jet extt,
The tests were made in st1l]l aip tnd at two tunnel speeds,
The tunnel velocity for the data roproduced herein
eorrespendud to a Yach number of <hout 0,10 ang the
veloclty of the Jet at thu cxit torresponded to a Mach
numher of uabout 0.20.
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Lanpley 7- by 10-foot tunrel.- The tests were made
at tunnel speeds corresponding to Mach numbers of about
0.053 to 0,079 with the Jet veloclty at the exit renging
up to & ¥ach number of about 0.,3. All tests were made
by measuring the longltudinal force and pltching moment
for a range of blower speeds with the model at 0° angle
of attack. Thrust coefficients were determined from
the relation

T+t =C - C
¢ Xp1lower on Xplower off

where Cx is the longitudinal-force coefficientol
blower on

the model with the blower operating &and cxblower of £

1s the longitudinal-force coefficlent of the model with
& fairing placed over the duet inlet to prevent air flow
throush the duct. For & given blower speed this
definition of thrust coufficient 1s belleved to result

in a slightly higher evaluation due to &n excessive
blower-off drag. A4 more accuradte value of blower-off
dr&ag would have been obteined if a streamlined fairing
were placed over the tall cone or if it h&ed been possible
to obtain 8 jet-exit veloecity equcl to that of the free
stream.

RESULTS A'D DISCUSSICN

The results of the total-head survcys made in still
air which show the respective effects of normal, heveled,
and unsymmetrical exlt sh&pes on jet deflection are
presented in figure 10, The unsymetricel nozzls
oonfisurstion (fig. 2{c)) was chosen to approzimate the
oririnal installation tusted on the wind-tunnel model
{fig. 7). Preliminary tests on the wind-tunnel model
had indiceted an c¢rrsatic varistion of Cp with T,!
with this nozzle which w&s ccmpletely rectified when a
modified nozzle (normal exit shape, fig. 5) was used.

The results of total-head surveys made in still air
‘to show the cffect of the fusulage projecting over a
normal exit are given in flpure 11, The German data
(velocity profiles behind a jet odtainsd from wind-
tumel tests) illustrate the effects of vuriation in
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fairing immediately forward of the jet on the behavior
of the jet in close proximity to & two-dimensional
surface, (See fig, 12,)

The effects of internal asymmetry on jJet deflection
are shown in figures 13 and 1. This asymmetry wus
brought about while attempting to lmprove the longi=-
tudinal stability characteristics of a proposed Jet-
propelled fizhter, (The wing-fuselage combination is
shown in fig, 6.) It was undarstood that on the full-
scale airplene the jet would be tilted by tilting the
jet nozzle inside the tall pipe, leaving the position
of the tail pipe unchanged. On the model this wag
represented by tilting erxteusions to the nozzle L
(fig., 9). The internal asymmetry ne&r the exit was
eliminated for tests where the jet wus tilted by rotnging
the entire tail pipe assembly behind the break line l
above pivot B, _ :

Effeot of Exit Shape

For the normal exit the jat center line remained une-
altered upon leaving the nozzle. (See fig. 10{a).)

With the beveled axit no deflection is shown until
supersonio velocitiss are obtained st the exit, Then
deflections of the order of 4° or 59 ococur. (Se~ fig.
10(b))} The absence of any sppreciable Jet A=flections with
2 beveled exit at subsonic speeds has also b-en shown from
the results of another inv-stigation (unpublished). 1In
addition the ph-nomenon of jet A=flection has been cbserved
in teats in which air or steam was Aischarged at supersmic
velocitiss from Alverging snd parallel wall pipes with
beveled .axits. The results of these tests, together with
a Alsoussion of som: aof the theoreticel aspects of the
problem, may be found in reference l {pp. 1183-156). It
is shown that the smount of j»t deflection is critioally
Aependent upon the relation of ths back pressuras to the
presgure in the nozzle. The deflection is d=pendant to a
much lesser degree on the frictional force in the beveled
portion of the nozzle, . .

On all present turbojet airplanes the Jet velocitlies
are entirely subsonic. The temperature gradients of an
actual airplane jet were not reproduced in the present tests,
however, or in the unpublished tests referred to =arlier,

It 13 therefore not satirsly z:fe to concludn from ithe
negative results of these tests far subsonic exit velocity
that an actual jet airplane will not show harmful »ffects
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from beveling the jJet exit., Also, the positive results of
the present tests for superscnlo veloolty are directly
applioable to rocket-powersd slrplanes. Bevellng the
rocket nozzle would be expeoted to introduce considerable
Jot ciierlection and variation of deflection with fllight
ocondition.

For the unsymmetrioal nozzle it may be noted that at
the lowest speed tested, Iy = 0,70 (figs 10(c)), =a large
upward defleotion was obtained. This deflectlon was
probably oaused by the flow separating from the lower
surface of the nozzle but following the oontour of the
upper surface. For the higher jJet velocltliss the magnitude
of this trend appears to be much reduced (compare figs., 10(b)
and 10(o0)) anc 1t 1s a matter of conjeoture whether the
separation 1s a Reynolds number or & Iiaoh number effect,
The wnsymmetrical nozzle 1s olearly to be avolded in the
design of jet airplanes,

Effeot of External Body or Falring

No notlesablne jat displacement is Indloated for the
limited jJjet~fuselage oomblnations of the present investi-
atlion elther with or without the modeling clay fairing,
See fig. 1ll.) This substentially agrees with the results
of another very limited investigation (unpublished data)
in which the Jet also discharged under a fuselasge, British
data (reference 5) seem to indicate that the jet path will
not be materially effected by being in proximity to a body
if tho body does not llie in the natural path of spreading
of the jet (the angle of spreading may be obtained by using

methods given in references 1 and 2)1. When the body does
lie in the path of the Jet, the Jet may be dofleoted
through large angles, This 1s known as the Coanda effect
and 18 disoussed in some detsll in reference 5.

lpigure 3 shows that the fuselage tested in atill
alr would be in the path of the Jot for a spreading
angle of more than 10°. (alculations based on the tast

data (fig. 10) indioated an actual spreading angle

of 8% or 9° ag compared to n ooxputed value of about 13°
(reference 2). The difference 1s probably caused by
the difference in the shape of the veloelty nrofile,

The edge of a Jet 18 1l1l-defined 1In any case and the
important oonsideration 1s that the fuselage lie outside
the region of appreolable Jet velooity., An estimate of
this region can be obtalned from referenoce 2.
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It is apparent from the German date (fig. 12). that
the Jot was not drawn toward the tunnel wall when the
streamlined fairing (fairing B) was used., In fact the
Jet seems to be tilted slightly eway from the wall.
Howsver, when the bluff falring (falring A) was tested
the jet was drawn toward the tunnel wall, probably i
beoause the entrainment of air into the jet was restrained
somewhat by ‘the fairing, A problem of this type might
be enoountered In designing a fairing for a jet or
rooket unit located under a wing, The data of figure 12
is representative of a unit looated at about a mid-ohord
position,

Effeot of Internal Asymmetry

It oan be shown theoretically thet, for mil‘ Jot
defleotions (cos g ='1), the value of (Sc,,,/am,-)
may be obtained from

where-tl:xe symbols have been previously defined, (See
also fig. 1.) ' .

Qomputations with the above equation were made using
the theorstical variation of Vj/V with T,' for a oold

Jet having a density equal to that of the free straam,
The effect of turning the inlet air is not inoluded in
the equation. Inasmuch as all test data presented were
obtained at @ = 0° and near zerc 1ift (negligible wing

1me inerement to the stabllity of the complete
g:odel contributed by the direct thrust force, A(3C,/AcCr), is

c '
P . 2. For this model a change in 30, A T,!
aTo' BGL

of 0,037 was equivalent to a l-percent M.A.C. shift in
neutral-point location on the alrplane for the fulle
power oondition.
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upwash at the inlet) the equation should be valid for
comparison. The results of calculations for a jet
deflection, ¢ = §4°, are shown in figure 1.

4 oomparison of the theoretical 3C,/dT,' and

experimental values with the shorter tilted nozzle '’
extension (fig. 14, q = .09 1b/sq ft) shows the experi=
mental values to be considersably mors negative. It is
believed that inclination of the jet by means of a nozzle
extension that does not extend to the end of the tall

pipe causes the jet to be drawn toward the wall of the
tall pipe nearest the pozzle exit. Thus in this instance
the Jet is actually inclined a larger amount than the
geometry of the system would indicats, Thare is also &
break in the curve of Cp against T.' in the higher

thrust range., (Sre fig, 13.) Check teats indicated the
likelihood of two alternative flow regimes in this region.

When the entire tail-pipe agsambly behind the fuselage
bresk line (including the shorter extension) was tilted 49
the values of dC_/dT.' nagreed reasonably well with the
theoretical, indicatifig that the jet wac being inclined
a8 desired. \lth the extension remcved, however, the
data appeared more erratic and were farther from the
theoretical over part of the thrust range. (See fig. 1lh.)
The tests with the nozzle extension lengthened until it
coincided with the end of the tall pipe were Intended
to provide a further check on the effect of nozzle length
on Jet inclination, The test points are somewhat
scattered (fig. 13) possibly because of a failure to
obtgin & smooth Juncture between the short extension and
the lengthened oxtension., The data do indicate, however,
thet the variation of C with T.!' with the lengthened
extension was considarabTy closel %o the resulta obtained
with the other means of jet tilt than with the shorter
nozzle extension tilteé.

Applicability

_ Throughout most of this paper the effects of various
Jet-exit designs on the static longitudinal stability
and trim characteristics have been stressed. It is
possible, however, that some of these d4ifficultles could
also be obtained on the static directional stabllity and
trim characteristics.
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Iimitations.~ Bescause of problems posed by limitations
in testIng techniques, actual conditions obtained on an
alrplane ocould not be reproduced. Although a ocold jet
was used throughout, the results of tests with supersonie

.Jet velooities reported in reference li show the same effects
of a beveled exit on jet deflection when & hot jet 1s used,
On soms jet alrplanes a ring of cooling alr surrounds the
internal hot jets The influence of this arrangement on
the results presented in this paper i3 not'lmcwn, Tha
deflections obtained from the still air tests are probably
somewhat larger (for & constant jet velocity) than would
have been indicated if the data had been obtained in
moving alr,

CONCLUDING REMARKS

It 18 shown that no deviation of the jet center line
from 1ts expected path 13 likely to be obtained if a Jet
exlt 1s used that 1s normal to the flowe Wi th a beveled
exit aporeciable deflections of the Jet are possible when
the Mach number at the jet exit attainas or exceeds unity.
At lcwer Masoh numbers only a very small deviation of the
Jet 13 1likely unless the internzl) feiring i3 unsymmetriocal
at the jet exit.

A fuselage or necelle whioch nrojects over a dlscharging
et wlll probably not cause the jet to be deflected unless
he natural spreading of the jet is restricted by the body.

If the fairing between the wing and & jJet or rocket unit
suspended underneath i1s tco blunt the jet may be drawm
toward the wing.

If the astructure around the free jet behind the
nozzle is not symmetrical with respect to the jet axis,
the jet may adhere to the nearest surface causing a large
and unpredictable effect on stability.

Langley Memorial Aeronautical Laboratory
Hatlonal Advlisory Committee for Aeronautlios
Langley Fleld, Va.
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. NATIONAL ADVISORY
S;de View COMMITTLE FOR AERONAUTICS

(Igure J.- Orgina/ rozz/e an complere wind-tunnel
model.
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